a. Copies for colleagues. The personal right of the Contributor only to send or transmit individual copies of the final published version to colleagues upon their specific request provided no fee is charged, and further-provided that there is no systematic distribution of the Contribution, e.g. posting on a listserve, website or automated delivery. For those Contributors who wish to send high-quality e-prints, purchase reprints, or who wish to distribute copies more broadly than allowed hereunder (e.g. to groups of colleagues or mailing lists), please contact the publishing office.
b. Re-use in other publications. The right to re-use the final Contribution or parts thereof for any publication authored or edited by the Contributor (excluding journal articles) where such re-used material constitutes less than half of the total material in such publication. In such case, any modifications should be accurately noted. b. Contributors may re-use figures, tables, data sets, artwork, and selected text up to 250 words from their Contributions, provided the following conditions are met:
(i) Full and accurate credit must be given to the Contribution.
(ii) Modifications to the figures, tables and data must be noted. Otherwise, no changes may be made. (iii) The reuse may not be made for direct commercial purposes, or for financial consideration to the Contributor. (iv) Nothing herein shall permit dual publication in violation of journal ethical practices. 
C O P Y R I G H T T R A N S F E R A G R E E M E N T

E . G O V E R N M E N T C O N T R A C T S
In the case of a Contribution prepared under U.S. Government contract or grant, the U.S. Government may reproduce, without charge, all or portions of the Contribution and may authorize others to do so, for official U.S. Govern-ment purposes only, if the U.S. Government contract or grant so requires. (U.S. Government, U.K. Government, and other government employees: see notes at end.)
F. C O P Y R I G H T N O T I C E
The Contributor and the company/employer agree that any and all copies of the final published version of the Contribution or any part thereof distributed or posted by them in print or electronic format as permitted herein will include the notice of copyright as stipulated in the Journal and a full citation to the Journal as published by Wiley-Blackwell.
G . C O N T R I B U T O R ' S R E P R E S E N TAT I O N S
The Contributor represents that the Contribution is the Contributor's original work, all individuals identified as Contributors actually contributed to the Contribution, and all individuals who contributed are included. If the Contribution was prepared jointly, the Contributor agrees to inform the co-Contributors of the terms of this Agreement and to obtain their signature to this Agreement or their written permission to sign on their behalf. The Contribution is submitted only to this Journal and has not been published before. (If excerpts from copyrighted works owned by third parties are included, the Contributor will obtain written permission from the copyright owners for all uses as set forth in Wiley-Blackwell's permissions form or in the Journal's Instructions for Contributors, and show credit to the sources in the Contribution.) The Contributor also warrants that the Contribution contains no libelous or unlawful statements, does not infringe upon the rights (including without limitation the copyright, patent or trademark rights) or the privacy of others, or contain material or instructions that might cause harm or injury.
C H E C K O N E B O X :
Contributor-owned work 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35   36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Introduction Optical microscopy is without doubt invaluable to biomedical research. However, optical microscopy suffers from two principal drawbacks -the lack of chemical information and the limit of resolution which restricts the size of observable features. Raman spectroscopy of cells and tissue delivers significant information on cell viability, [1, 2] disease [3 -5] and chemistry. Such spectra can be acquired in a typical time of 1-60 s on live mammalian samples, [6 -8] but this is normally too long to enable Raman microscopy -the acquisition of a spectrum at each imaging pixel. Coherent anti-Stokes Raman scattering (CARS) microscopy [9 -12] gets around the inefficiency of Raman spectroscopy by enhancing the signal level by 4-6 orders of magnitude. [10, 13, 14] This brings the image acquisition time down to seconds, so processes in live cells, such as mitosis, can be followed in real time.
In order to circumvent the second drawback of optical imaging -that of resolution -atomic force microscopy can be carried out with gold-or silver-coated tips. Optical spectroscopy and imaging has been performed on the scale of around 10 nm. [15 -18] CARS microscopy combined with atomic force microscopy has been performed by one group [19 -21] to enable chemical imaging of DNA nanoclusters.
In much of this paper, we will describe the design considerations behind the construction of a CARS microscope coupled to an atomic force microscope (AFM), for biological imaging. CARS microscopy images will be most useful when combined with other optical imaging modes, so the remit was to provide a highly versatile microscope with many imaging modes capable of live cell imaging. The clearest advantage of this hybrid microscope over a CARS microscope is that it offers an extremely wide range of imaging modes to provide complementary information on biological systems. The advantage of this system over a straightforward AFM is that this wide range of optical imaging modes can all be mapped with the same ∼10-nm resolution as topography.
Experimental
Choice of laser sources
Live cells undergo photodamage when exposed to high levels of continuous wave (CW) or pulsed laser power. [22, 23] Owing to the absorption of light by a combination of water, lipids and haemoglobin, tissue is best imaged with light within the range 700-1100 nm. [24] In this wavelength range, photodamage depends quadratically on laser power, showing that two-photon absorption [22, 23, 25] is responsible. This is far more pronounced with femtosecond pulses; hence longer picosecond pulses are preferred for biological imaging as greater powers can be employed, resulting in substantially higher CARS signal levels. However, the efficiency of the CARS process drops as pulse length increases, [26] so the optimum pulses should be 1-10 ps in duration. Two-photon absorption is also more pronounced at shorter wavelengths, as increasing numbers of compounds can be excited, and this is accompanied by more autofluorescence.
Two types of pulsed laser source emerge as candidates. The first are Ti : sapphire oscillators, and the second are neodymiumpumped optical parametric oscillators (OPOs). In the first case, two Ti : sapphire sources with pulse widths of around 2 ps and repetition frequencies of around 80 MHz are linked electronically to limit the 'jitter' between sources. These sources are tuneable over the range ∼700 to over 900 nm with a good amount of power. Sadly, we were unable to identify a picosecond Ti : Sapphire source with computer control; manual tuning between wavelengths limits the usability of these sources. The alternative picosecond source is a diode-pumped Nd : vanadate source, providing a wavelength of 1064 nm, which is frequency doubled to 532 nm. Our chosen source (High-Q Picotrain, Hohenems, Austria) provides over 7 W of 532 nm (pulse width 5-6 ps) and over 12 W of 1064 nm (pulse width 6-7 ps) with a repetition rate of 76 MHz. These longer duration picosecond sources generate significantly less non-resonant CARS than with femtosecond excitation. This non-resonant signal occurs in the absence of any sample and must be removed from the total CARS signal from femtosecond-based systems. [27] The illumination system is drawn schematically in Fig. 1 . The relative amount of power of 532 and 1064 nm beams is computer controlled by a motorized half-wave plate and polarizing beamsplitter. The 1064nm beam acts as the Stokes pulse in the CARS process, and the pump pulse comes from an OPO (APE Levante Emerald, Berlin, Germany) seeded by the 532-nm output. The OPO output is computer tuneable from 700 to 1000 nm, with powers of around 1 W. The OPO also provides 'idler' wavelengths above 1140 nm which can be combined with the lower wavelength ('signal') output, and are inherently synchronised. However, the minimum achievable wavenumber shift between the signal and idler is then around 1200 cm −1 , which is too high for biological material, whose spectra start above 600 cm −1 . Instead, the 'signal' output (700-1000 nm) is combined with the 1064 nm source with a dichroic mirror (Chroma, Rockingham, USA) to enable imaging of wavenumbers in the range 605 to over 4000 cm −1 . The pulses are synchronised in time by adjusting a micrometer-driven delay stage.
Modification to confocal microscope
Both pulses are focussed onto a 2-m long single mode fibre (Thorlabs SM980-5.8-125, single mode from ∼780 nm to >1064 nm) nation sources connect to the scan unit (dotted line). A suitable dichroic mirror reflects these wavelengths towards the objective lens, and removes most of the backscattered laser light from the required signal (CARS, SHG, SFG, or fluorescence). A multimode fibre passes this signal to the photomultipliers (PMT1 and PMT2), directly to the avalanche photodiode (APD), or via the spectrometer. The forward-scattered signal is detected by another photomultiplier unit (PMT3) via another multimode fibre after passing through the appropriate filters.
with high transmission in the near infrared (over 60%), and transferred to a laser scanning confocal microscope (Nikon BV 'C1', Amsterdam, Netherlands) on a separate optical table. The microscope and detection schemes are depicted in Fig. 2 . A laser scanning microscope is required rather than a sample scanning stage, for fast imaging. A number of manufacturers produce similar laser scanning microscopes, but for the greatest flexibility a single-mode fibre input and multimode fibre output is required. Various wavelengths of custom-made long pass dichroic mirrors (Chroma, Rockingham, USA) are required within the scan unit, in order to separate the anti-Stokes (CARS signal) from the longer wavelength pump and Stokes (inputs).
Since both sources are inherently linked, a lengthy superposition of both focal spots before each imaging session is not required. Full alignment of the system is performed by optimizing the amount of power emanating from the single-mode fibre, of each beam in turn. No chromatic dispersion within the fibre is observed, so the delay stage does not need to be adjusted when changing Stokes wavelength. Owing to this linking of both Stokes and pump lasers into one effective point source -a single-mode fibre -an objective lens with extremely low chromatic aberration (axially) must be found to ensure that both spots are superimposed at the focus within the sample. A water immersion objective (Nikon BV Plan Apo VC 60×, Amsterdam, Netherlands) with numerical aperture (NA) 1.2 demonstrated large axial aberrations (almost 1.5-2 µm), whereas the oil immersion objective with NA 1.4 in the same range showed only ∼200 nm aberration over a wavelength range of 150 nm. This is significantly smaller than the axial size of the focus spot (around 1 µm). Thus signal levels are not greatly affected, but flexibility and ease of use are greatly improved.
Since both epi-scattered (backscattered) and forward-scattered CARS images contain complementary information, a system is required that enables both signals to be collected into separate multimode fibres. In the backscattered (epi-) direction, as well as due to losses in the objective and scan unit, only 25% of the descanned light directed toward the fibre is transmitted through it. The CARS signal represents only a small part of the scattered light -the remainder being mostly scattered laser light -and so several short pass or bandpass filters are required to remove all of these excitation lasers. In biological samples, two-photon www.interscience.wiley.com/journal/jrs microscope for biological imaging   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62 autofluorescence, second harmonic generation (SHG) and sum frequency generation (SFG) are all present, which all need to be separated as signals from each other. A spectrometer acts as a variable filter, in order to enable spectroscopy, which requires automated scanning of wavelengths. Live cells can withstand around 2 mW without significantly affecting their constitutive processes [22] when scanned with pulses of around 170 fs duration. Photodamage depends on the square root of the pulse width, [22] so the maximum useable power for live cell imaging is around 10 mW with a pulse width of 5 ps, repetition rate around 80 MHz, wavelength of 780 nm, and NA of 1.4. For fixed cells, tissue sections and skin, up to 100 mW can be used without visible photodamage. [10] In order to achieve around 30 mW of each beam at the sample, far more power needs to be produced because of the losses in the fibre, scan unit and objective lens. After replacing a collimating lens in the confocal scan unit to now slightly overfill the objective, 30 mW can be achieved at the sample throughout the whole range of the OPO, as well as for the 1064 nm beam.
Detection
For a Stokes wavelength of 1064 nm and pump wavelength of 770-1000 nm (corresponding to a wavenumber range of 605-3600 cm −1 ), the anti-Stokes signal is produced at 943 nm down to 603 nm. Although red-sensitive photomultiplier tubes (Hamamatsu R3896, Shizuoka, Japan) are supplied with the laser scanning microscope, their efficiencies drop off rapidly above 800 nm. The quantum efficiency at 700 nm is 10%, at 800 nm is 6%, at 850 nm is 0.7% and at 900 nm is 0.01%. Hence wavenumbers in the important fingerprint region (∼600-1500 cm −1 ) above 800 nm will be significantly harder to detect than those in the C-H stretch region (around 2900 cm −1 ) measured at ∼660 nm. Photomultipliers also suffer from dark currents, which limit the minimum achievable photon flux when compared to photon counting. So photon counting from an avalanche photodiode (Perkin Elmer SPCM-AQR-14, Vaudreuil, Canada) is preferred, given its low dark counts (around 100/s) and greatly improved quantum efficiency -rising from 25% at 943 nm (605 cm −1 ) to 65% at 800 nm (2445 cm −1 ).
A photon counting •PCI card was acquired (Becker & Hickl SPC-AQ2 140, Berlin, Germany), which is piloted by pixel, line and frame clock signals ('TTL' pulses) emanating from the laser scanning microscope. This unit can also perform gated detection, which reduces the dark counts further by sampling only in a nanosecond window around the laser pulse arrival time, thereby rejecting the noise in most of the 50 ns dead time between detected pulses. The card can also be piloted by Labview to achieve spectroscopy.
Multi-modal imaging
In addition to CARS imaging, a great deal of flexibility is offered in bio-imaging modes on this microscope. A 20× phase contrast objective allows us to find groups of cells on a cover slip, and differential interference contrast (DIC) on a 60× 1.4 NA objective imaging provides good-contrast white light images. Confocal fluorescence imaging is performed with a 532 nm source (or another simple diode laser). Alternatively, using filters in front of the 100 W tungsten lamp, widefield fluorescence is available with excitation down to 400 nm. But for reduced bleaching, superior resolution and background rejection, two-photon excited fluorescence (2PEF) is performed with either the OPO output (from 700 to 1000 nm, and above 1140 nm) or from the 1064 nm source; so we are able to excite virtually all available dyes. By either oneor two-photon excitation, fluorescence lifetime imaging (FLIM) can be performed by coupling the avalanche photodiode into the photon counting card. Both fluorescence-and CARS-correlation spectroscopy are also achievable with the same flexible photon counting card. Finally, SHG and SFG imaging can be measured either with photomultipliers or the avalanche photodiode. All these imaging modes can be acquired in the forward as well as the 'epi-' direction. SHG highlights non-centrosymmetric structures, especially collagen; SFG is sensitive to surfaces and interface (where inversion symmetry is broken) and offers spectroscopy; and 2PEF images fluorescence with low photodamage and photobleaching with good sectioning ability.
Results
Example images are shown in Fig. 3 of a 20-µm thick section of cancerous breast tissue donated anonymously by patients from the Edinburgh Royal Infirmary. The biopsies were embedded in paraffin wax to enable easy sectioning. The sample was then dewaxed with xylene washes to remove the paraffin, leaving holes in the tissue. Images in Fig. 3 were acquired in 20 s and averaged three times, and were collected in the backscattered (epi-) direction, with the exception of the DIC image (1 s, transmitted light). The CARS wavenumber in Fig. 3(b) was set to 1662 cm −1 to image the amide I band of proteins, which is stronger than the often-reported C-H stretch (around 2800-2950 cm −1 ), as lipids have mainly been removed from the sample by the dewaxing process. The DIC image Fig. 3(a) maps changes in refractive index, and so highlights the fibres within the tissue -collagen and elastin. The 2PEF image Fig. 3 (c) maps mainly the autofluorescent elastin fibres, and both SHG Fig. 3(d) and SFG Fig. 3 (e) highlight collagen fibres.
Although picosecond pulse widths are far less efficient than femtosecond pulses (of the same average power) for SHG, SFG and 2PEF imaging, we are able to use significantly more power with picosecond sources. Photodamage occurs at far higher powers with a picosecond source, and hence imaging rates for two-photon microscopy (SHG, SFG and 2PEF) are quite similar for picosecond and femtosecond sources. [24] •PMTs were used to acquire all AQ3 these images, with a variety of short-pass and bandpass filters required. This was slightly faster than the spectrometer-•APD AQ4 combination at this wavenumber, but is significantly slower at wavenumbers below ∼1200 cm −1 . We then acquired a stack of 81 CARS images separated by 0.25 µm, with an acquisition time of 1 s per frame (averaged five times) giving a total stack acquisition time of 405 s. Using this data we constructed a three-dimensional model of Fig. 4 with the open source software BioImage XD. Highresolution CARS images of strong Raman peaks for fixed cells were also acquired in only 1 s with the PMTs, or in 20 s with the spectrometer/APD combination (indicating significant losses through the spectrometer). The CARS resolution was measured as 350 nm laterally and 1100 nm axially.
To maximize the potential of CARS microscopy -both the fast imaging and no requirement for labelling -live cells rather than fixed samples should be imaged. In order to achieve this, the sample temperature should be maintained at 37 • C (or slightly lower for yeast); so a heated microscope enclosure or sample heating stage is required. For cells to grow, essential nutrients should be supplied in a growth medium pumped slowly across J. Raman Spectrosc. 2009, 40, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31   32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 61 62 the sample. Our system uses a cell biology kit (Veeco, Santa Barbara, USA) comprising a heated sample stage and a miniature liquid perfusion cell. The same perfusion cell is connected to a 5% CO 2 /air mix, a necessary constituent of many pH buffers used in the culture of mammalian cells.
Atomic force microscope
Atomic force microscopy has been used extensively in cell biology, mainly for topographic imaging with a lateral resolution of 10 nm.
Although the AFM can measure forces, it does not deliver images with chemical contrast. By focussing light onto a metal-coated AFM tip, a significant optical enhancement can be achieved directly beneath the tip apex. This optical enhancement has been reported as high as 10 7 for Raman spectroscopy, [17] but Raman imaging at 10 nm resolution has only been performed on carbon nanotubes, which are strong Raman scatterers. Biological material has too low a Raman cross section for the acquisition of a spectrum at each AFM imaging pixel; individual spectra are acquired in a matter of seconds adding up to hours for an image. This is despite the massive enhancement under the tip and may be explained by the limitation of excitation power imposed due to tip heating [28] ; typically, 100 µW can be focussed into the tip region [19, 29, 30] compared to tens of milliwatts used in standard Raman spectroscopy. Fluorescence is greatly quenched by a gold or silver tip, giving only net enhancements of the order of 10, but fluorescence imaging has been performed at 10-nm resolution. [18] Both tipenhanced Raman and fluorescence techniques are affected by the background signal, which can be recorded without the tip present, and subtracted from the tip-enhanced image. This is acceptable for sparsely populated surfaces but can pose serious problems for densely packed surfaces. However, background removal is not an issue for multi-photon excitation -the intensity of illumination is then only sufficient for excitation in close proximity to the tip apex. Tip-enhanced two-photon fluorescence [31] has been performed with a massively reduced background, reduced bleaching and improved enhancement.
CARS excitation offers a clear route for chemical imaging on the scale of 10 nm, when combined with AFM. Tip-enhanced CARS microscopy has been reported only by one group. [19 -21] . Employing 30 µW at 786.77 nm and 15 µW at 879.25 nm, they were able to image a vibration in an adenine molecule at 1338 cm −1 in a DNA cluster. Enough CARS signal was acquired in 100 ms per imaging pixel, which is slower than standard topographic imaging. A gold or silver tip is required for enhancement of the www.interscience.wiley.com/journal/jrs microscope for biological imaging   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62   63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114  115  116  117  118  119  120  121  122  123  124 electromagnetic field to the scale of ∼10 nm, as a surface plasmon is efficiently excited with red or near-infrared light in these metals. The average laser power needs to be reduced to the microwatt range to achieve stable tip-enhanced CARS imaging. The repetition rate of the laser excitation was reduced by Ichimura et al. [19] from 80 MHz to 800 kHz by employing a pulse picker (APE, Berlin, Germany) to select 1 pulse in every 100. This reduces the CARS signal only by a factor of 100 in the far field, whereas lowering the energy of every pulse with an attenuator or filter would reduce the CARS signal by a factor of 10 [6] because of the non-linear dependence of the signal on illumination intensity. The enhancement of CARS processes under the tip apex, given that it is a four-photon process, should be far higher than a Raman process involving just two photons -indeed, the 'far field' CARS signal without the tip present disappears into the noise. [19] For tip-enhanced CARS, the two OPOs are focussed onto a polarization-maintaining fibre (Thorlabs NL-PM-750, single mode from ∼650 nm to >1550 nm).
In Fig. 5 , we used low laser power to image the scattering from a gold-coated AFM cantilever (Veeco NPG, Santa Barbara, USA) in air. When the 30-60 nm radius tip apex is in focus, it scatters a large amount of light -comparable to the reflection from goldcoated cantilever. The inset spectrum shows that there is a good amount of enhancement from 532 nm up to 820 nm. For gold tips of a typical radius of 20-40 nm in water, the enhancement has a peak close to 700 nm [32 -34] . The pump pulses employed should be around this value, and the Stokes pulse will be up to 800 nm for the 'fingerprint' region of biological molecules (600-1700 cm −1 ), with the anti-Stokes signal occurring down to 625 nm. For this reason, we require two OPOs to provide both Stokes and pump pulses, which are tuneable from 700 to 1000 nm. Silver tips have peaks closer to 600 nm [34] and have been shown to give less enhancement than gold at 647-nm excitation [34] and will doubtless be even less suitable at 700 nm and above. In detection, a spectrometer is required to filter out two-photoninduced fluorescence originating from the metal tip. [35] A small amount of four-wave mixing also originates from the tip, emitting at the same wavelength as the anti-Stokes (CARS) signal.
An AFM with sample scanning is required, contrary to most AFM designs that scan the tip, as the metallized tip should be fixed in the laser spot. Alignment of both laser spots onto the end of the tip is difficult -manual adjustment of a mirror can rarely achieve a good alignment. As both beams are inherently linked with the confocal scan unit, they can simply be raster-scanned over the tip in three dimensions and the position of the tip defined by the position of maximum scattering. The AFM we selected (Bioscope II, Veeco, Santa Barbara) scans the sample laterally, but the tip moves up and down in the axial direction. In order to compensate for the tip moving out of the focal spot while following large topographic features, a piezo-driven objective (Physik Instrumente PIFOC, Karlsruhe, Germany) moves the focal spot by the same amount, in synchronisation with the AFM. The AFM and optical microscope are placed on a separate actively damped optical table to prevent unwanted vibrations from the water-cooled lasers affecting the AFM images.
The AFM controller is able to count TTL pulses from the avalanche photodiode detector, which correspond to individual photons, enabling the simultaneous acquisition of topographic and tip-enhanced CARS images. The AFM can also pilot the photon counting card with pixel and line clock signals, to achieve tip-enhanced FLIM and gated detection.
Conclusion
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